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Abstract: This study explains the relations between the depositional environment of a zeolitic tuff unit and its diagenesis. It gives new
ideas of the juvenile phreatomagmatic origin of the zeolitic unit with its bentonitic cap rock, and finds that the diagenetic alteration of
the volcanic ash deposition in a hot hydrologic system is penecontemporaneous and not epigenetic. A massive, fine-grained zeolitic
unit has a sharp contact with the underlying shallow subaqueous rhyolitic dome intrusions and their surrounding volcanoclastic ejecta.
Juvenile emanations from the basal subaqueous intrusions activated thorough zeolitic diagenesis within the overlying rhyolitic tuff
deposits extending as far as the periphery of the underlying intrusions. The bentonitic cap rock suggests that the diagenesis diminished
vertically with the weakened phreatomagmatic activity up to the overlying limestone. The lack of sedimentary evaporite minerals and
scarcity of boron-bearing authigenic K-feldspar indicate a nonsaline-alkaline depositional and diagenetic environment during the
zeolitic transformation. Geochemical data from the zeolitic tuff samples indicated that the main diagenetic factors were hydrolysis of the
glassy tuff in an open hydrologic system, under high heat flow rates and one of several scales of ion transfer. Zeolitisation developed with
a significant loss of alkaline elements and iron oxide, which were compensated for by an important gain in the alkaline earth elements
and absorption of strontium. The rhyolitic glass was altered by hydrolysis to form smectite and clinoptilolite, resulting in the release of
excess silica that was not removed from the system but was changed in crystal form to opal-CT.
Key words: Clinoptilolite, hydrolysis, opal-CT, peperites, pyroclastic flow, rhyolitic ash, subaqueous intrusion

1. Introduction
The study area is situated north of the city of İzmir and
the Güzelhisar River, between the gulfs of Aliağa and
Çandarlı on the Aegean coast of western Turkey (Figure
1). Neogene volcano-sedimentary basins in western
Anatolia contain evaporites and diagenetically related
important industrial minerals resources, such as borates,
gypsum (+celestite), industrial clays, and zeolites, within
subaqueously deposited calc-alkaline volcanoclastic
sediments (Kumbasar et al. 1985; Helvacı et al. 1988; Yalçın
1988; Gündoğdu et al. 1989; Helvacı et al. 1993; Gündoğdu
et al. 1996; Uz et al. 1996; Whateley et al. 1996). The zeolitic
tuff unit, with its bentonitic cap rock in the study area,
has similar subaqueously deposited calc-alkaline volcanic
characteristics. Some other publications directly related to
local zeolite occurrences in western Anatolia (e.g., Esenli
1986; Türkbileği 1988; Sirkecioğlu et al. 1990; Esenli &
Özpeker 1993; Özpınar et al. 1999; Köktürk et al. 2000;
Albayrak 2008) are mostly concerned with diagenetic,
mineralogical, geochemical, and technological properties
of zeolites, but their relations to the properties of the
depositional environments have mostly been neglected or
* Correspondence: abdullah_ozguner@hotmail.com

not examined in detail. Most of them have a hydrothermal
and epigenetic origin. The aim of this manuscript is to
describe the geological properties of the depositional
environment of the Foça zeolitic unit and their relations
to its diagenesis. The origin of the Foça zeolitic unit, with
its bentonitic cap rock, was a penecontemporaneous
diagenetic alteration of subaqueous volcanic ash fall
deposits in a hot juvenile phreatomagmatic environment,
and had a vertical zonation with the overlying bentonitic
cap rock.
The subaqueous-subaerial properties and calcalkaline–alkaline evolution of Neogene volcanism in the
Foça region, immediately south-west of the study area,
were examined by Akay & Erdoğan (2001, 2004). They
showed that mid-Miocene rhyolitic domes intruded
directly into a subaqueous environment and formed
hyaloclastic blankets in the region.
Clinoptilolite-heulandite and opal-CT are the most
abundant diagenetic minerals within rhyolite tuffs.
According to Resing & Sansone (1999), the zeolitisation
process started with clay rim formation around volcanic
glass shards in weak acidic fluids, originating from
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Figure 1. Distribution of the volcanic outcrops and main volcanic vents around the Aliağa-Pınarcık zeolite deposits. The regional
weakness zones in the basement were inferred on the basis of the alignment of volcanic vents and dyke trends (partly after Akay and
Erdoğan, 2004).
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magmatic volatiles in the subaqueous environment,
followed by hydrolysation of soluble cations, leading to
a weakly basic environment for zeolitisation. Lander &
Hay (1993), Ghiara et al. (1999), and Snelling et al. (2008)
explained that clinoptilolite formed in situ from volcanic
glass in rhyolitic tuffs and that excess silica was not
removed from the system, but crystallised as opal CT. Hay
(1963), Boles & Coombs (1975), Rice et al. (1992), Leggo
et al. (2001), and Cocheme et al. (2003) further explained
that the clinoptilolite, cristobalite, and possibly amorphous
silica were pseudomorphic after rhyolitic glass shards, and
that in such an environment smectites developed from the
glass, forming a clay rim around the outline of the shards.
2. Materials and methods
2.1. Field methods
Stratigraphical sections were determined in different parts
of the volcano- sedimentary sequence. Detailed geological
mapping of the study area was undertaken, concentrating
on the origins of the volcano-sedimentary bodies, each time
correcting it when different origins and mutual relations
were discovered. Thicknesses of the zeolitic unit and its
overlying bentonitic cap rock in different places have been
measured by Jacob’s staff in order to interpret their lateral
thickness changes and to calculate their reserves. A total
of 23 representative samples, sampled from bottom to top
through the zeolitic unit sequence, were taken in the study
area for XRD, XRF, and SEM analysis; 5 of them were from
the rhyolitic tuff host rock. Volcanological characteristics
of the outcrops were photographed, to help explain the
environment of zeolitisation.
2.2. Chemical, mineralogical methods
Clinoptilolite minerals determined by XRD data had
better crystal development within fissures and cavities and
were prepared for the SEM+EDS analyses. The SEM views
were taken in the Materials Department of Middle East
Technical University.
Distinction between heulandite and clinoptilolite was
carried out using 5.12–5.23 d values and American Society
for Testing and Materials cards instead of heat stability
studies. Detailed clay analyses (normal, ethylene glycol,
baking at 350–550 °C) could not be carried out; instead
only the group names were given.
Authigenic silicate mineral developments were
explained using X-ray diffraction (XRD) and scanning
electron microscope images (SEM) and the silica
diagenesis was interpreted using major oxide and trace
element analyses (XRF).
Mordenite was not detected in X-ray analyses
although it might be expected within this type of mineral
assemblage. Its scarcity made its identification by X-ray
diffraction uncertain, although its fibrous habit and
related mineral assemblages suggest that it occurs with

the abundant clinoptilolite and opal-CT minerals in the
SEM images. Chocheme et al. (2003) determined similar
mordenite minerals in SEM views that were not detectable
by XRD analyses.
XRD, XRF, and SEM analyses of the samples taken from
the zeolitic tuff sequence with overlying bentonite were
used for the interpretation of the vertical development
of the diagenetic environment. Similarly, analyses of
the rhyolitic host rock were compared with those of the
zeolitic unit to interpret the types of diagenetic changes
that occurred.
3. Geological setting
3.1. Regional geological setting
The Foça–Bergama region was probably blanketed by
interconnected lake basins during the volcanic rock
emplacements (Figure 1). These lakes appear to have
flooded a smooth topography, as indicated by the finegrained detrital rocks such as shales, mudstones, and marls
or limestones, alternating in some places with the Yuntdağ
volcanics (Benda 1971; Yılmaz 1997; Altunkaynak &
Yılmaz 1998; Akay & Erdoğan 2004).
NE–SW- and N–S-trending oblique faults (Figure 1)
may be evaluated as a conjugate fault set formed under
the N–S Tethyan compressional regime, which lasted into
the Middle Miocene (Yılmaz 1989, 1997). During the N–S
compression, the crust was excessively thickened as a
result of the N–S shortening. Geochemical characteristics
suggest that the Yuntdağ trachyandesitic, andesitic,
and dacitic magmas, and the subsequent rhyolitic Foça
volcanisms were hybrids and formed from a similar source,
representing mantle-derived magmas contaminated with
the thickened crustal materials. This may indicate that
the volcanism was erupted in a post-collisional tectonic
setting (Şengör & Yılmaz 1981; Savaşın & Gülen 1990;
Akay & Erdoğan 2004).
The
Miocene
NE–SW-trending
horst-graben
structures developed as products of post-collisional NW–
SE extension in the region and represent weakness zones in
the basement, which controlled the alignment of Miocene
volcanic vents and trends of dykes. This extension gave rise
to predominantly calc-alkaline volcanism at the outset and
to minor alkaline volcanism in the later phase (Figure 1;
Kaya 1981; Akay & Erdoğan 2001).
The Late Miocene–Recent showed continuing N–S
extension during the post-collisional period, which formed
the approximately E–W-trending graben systems in
western Anatolia. Volcanic evolution of the region reflects
an increasing asthenospheric contribution following the
Miocene calc-alkaline volcanism, facilitated by a thinned
extended lithosphere, arising from the regional N–S
extensional tectonics. Late Miocene–Pliocene andesitic
basalts were derived from uncontaminated mantle sources
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and are similar to rift-induced alkaline basalts (Yılmaz
1989; Güleç 1991; Seyyitoğlu & Scott 1992; Altunkaynak
& Yılmaz 1998; Akay & Erdoğan 2004).
3.2. Geological setting of the study area
The volcano-sedimentary zeolitic sequence (Figure 2)
is not accompanied by evaporite minerals, unlike other
similar deposits in western Anatolia (i.e. Bigadiç). The
development of the zeolitic tuff deposit has rather a vertical
zonation with bentonitic tuffs overlying the zeolitic tuffs, a
model commonly described in diagenetic transformations
of tuffs in open hydrological systems. The fault structures
stepped down towards the Aegean Sea (Eşder et al. 1991),
reflecting the morphology and the north-western general
dip of the volcano-sedimentary sequence in the area
(Figure 3).
3.2.1. Stratigraphy
Two different basal sections in the study area represent
the uppermost parts of the Yuntdağ volcanics. One (Loc.
1, in SW Figure 3) displays a subaerial andesitic and
dacitic pyroclastic flow-base surge alternation. The other
(Loc. 2, 3 in Figure 3), in the southern and eastern parts
of the map, consists of shallow lacustrine mudstone and
volcanic ash interlayers. Both types of sections are coeval.
Thus, while the pyroclastic flows were deposited in a nearshore subaerial environment, elsewhere ash was deposited
in a shallow lacustrine environment (Figures 4–6). The
lacustrine facies, 55 m thick (Figure 2), overlies mainly
andesitic, dacitic, and trachyandesitic lava flows of the
Yuntdağ volcanics outside the study area (Figure 1), and
consists of alternations of thin laminated shale–clay and
silicified laminated andesitic tuff.
The overlying Foça rhyolites (Figures 1, 2) in the study
area consist of two parts. The lower part consists of local,
small intrusions and a discrete extrusive ignimbritic body,
which, with the surrounding volcanoclastics is 167 m thick.
These extend from south of Loc. 4 to north of Sarıkaya Hill
(Figures 3, 4). The upper part consists of rhyolitic ash fall
deposits, overlapping the underlying Yuntdağ volcanics at
locations 5, 6, and 7, and covering the subaqueous rhyolitic
intrusions and surrounding volcanoclastics, with a sharp
contact (Figure 4 Loc. 4, 5 and Sarıkaya Hill). At locations
5 and 6, the pumiceous welded ash fall tuff host rock passes
laterally to a fine-grained, massive zeolitic tuff unit with a
layered bentonitic cap rock in the study area (Figures 3,
4). This cap rock shows a gradual upward passage to the
overlying limestone layers. Some patchy opal and chert
impregnations appear at the basal contact of the limestone
formation (Figures 2, 4). The limestone has a western
overlapping lacustrine transgression (Figures 1, 3).
Sporadic Late Miocene–Pliocene alkaline basaltic
extrusions discordantly overlie these outcrops and are the
youngest magmatic phase in the region. This unit is named
the Bozdivlit andesitic basalt because it is very thick at
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Bozdivlit Mountain, and it crops out at Andız, Kömürcü,
Apar, and the Kalabasar Hills overlying the limestone
within the study area (Figures 2, 3).
3.2.2. Volcanism
3.2.2.1. Andesitic Yuntdağ volcanism
The andesitic-dacitic pyroclastic flows alternate with
pumiceous base-surge deposits on the sea cliff exposure,
north of Kalabasar Hill, in the south-west of the study
area (Figure 3). The basal part underneath the pyroclastic
flow deposits, contains discontinuous trains of imbricated
large fragments, which dip in the up-flow direction
(Figure 5a, b; Mellors & Sparks 1991). The pyroclastic flow
deposits have crudely alternating coarse to finer-grained
bedding. Tephra breccias exhibit rheomorphic textures
and are intimately interbedded with scarce dark chilled
bedding margins, indicating that their emplacement
was at elevated temperatures and subaerial (Figure 5c;
Adair & Burwash 1996). The pyroclastic flow deposit
contains hydrothermally altered, rounded lithic ejecta
and baked rock fragment margins, also indicating a high
emplacement temperature (Figure 5d; Mellors & Sparks
1991). Similar pyroclastic flow deposits have also been
described by Fisher et al. (1983).
The base-surge deposits were sorted, wavy, with wedgeshaped bedded pumice deposits alternating with unsorted,
pyroclastic flow deposits containing scarce whitish pumice
grains (Figure 5b, c). They represent eruptive volcanic
pyroclastic flow deposits and probably came from the
topographically higher Dumanlıdağ volcanic centre
(Figure 1), flowing down to the topographically lower
subaerial edge of the lacustrine environment, to the north
of Kalabasar Hill in the study area (Figures 3, 6). The
andesitic pyroclastic flow deposits were forerunners of the
overlying rhyolitic ash fall deposits.
In contemporaneous nearby lakes intercalated shale
and andesitic laminated tuff deposition continued and was
transgressed by the following Foça rhyolitic volcanism in
the study area (Figure 6). No zeolitic alteration is found
within the lacustrine laminated shale and andesitic tuff
intercalation facies or in the subaerial andesitic-dacitic
pyroclastic flow facies of the Yuntdağ volcanites. However,
kaolinitic tuff deposits occur as discrete hydrothermal
alteration products of Yuntdağ and Foça volcanites in the
Zeytindağ, Çandarlı, Şakran, Aliağa, and Foça regions,
according to Açıkalın & Bayraktar (1986) (Figure 1).
3.2.2.2. Rhyolitic Foça volcanism
Rhyolitic Foça volcanism was the product of rejuvenated
andesitic Yuntdağ volcanism from adjacent conduits in a
final excessive increase in crustal-contaminated magma.
It was subaqueously and subaerially deposited on top of
the Yuntdağ volcanics (Figure 6). There were two types of
intrusions and extrusions:
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Figure 2. The general stratigraphic section of the study area comprising the zeolitic tuff unit (not to scale).
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Figure 3. The geological map and section of the study area comprising zeolitic tuff unit. The zeolitic unit and bentonitic cap rock are
situated just above the rhyolitic domes and associated volcanoclastics.
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b
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d

Figure 5. (a) All the photos were taken from the outcrop north of Kalabasar Hill, SW of the study area (Figure 3). The presence of a
fine-grained pumiceous matrix and imbrication of flattened spatter clasts indicated their flow origin. (b) Pyroclastic flows consisting
of two parts: a basal flow of coarse fragments that moved along the ground which can be seen as inversely graded andesitic layers,
and a turbulent cloud of finer particles (ash cloud) with frothed pumice particles that were deposited above the basal flow as pumice
dominated tuffs. (c) Bedded breccias with white pumice grains exhibiting rheomorphic textures and intimate interbedding with normal
andesitic pyroclastic flow deposits. Dark chilled bedding margins indicate elevated temperatures of emplacement. (d) Pyroclastic flow
deposit with hydrothermally altered, rounded lithic ejecta or baked rock fragment margins, indicating that their emplacement was at
elevated temperatures.

i) Local small subaqueous intrusions and a discrete
extrusion within the study area
The Sarıkaya Hill dome and the other surrounding
smaller massive rhyolitic intrusions in the study area were
surrounded by hyaloclastic breccias (Figures 3, 7a, b)
and foliated rhyolitic flows (Figure 7c). A discrete perlite
facies also occurs (Figure 7d) in the northern and western
parts of Sarıkaya Hill (Figure 3), indicating water–magma
interactions during emplacement.
The strikes of the blanketing volcanoclastic sequences
were concentric around the local rhyolite domes, dipping
outward. Local vertical or overturned foliated rhyolitic
flows (Figure 7c), welded glassy volcanoclastic steep
bedding (Figure 7a), and welded glassy flow foliation
breccias (Figure 7e) suggested continuous doming of the
cores during their emplacement. Local small rhyolitic
intrusions were late stages of the thick-bedded, massive
volcanoclastics and cut them. These intrusions are oval
small domes and their cores are composed of quartz and
K-feldspar porphyries (Figures 3, 4, 7a). Their porphyritic
structures indicated crystallisation during the final stage of
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emplacement under relatively slow cooling conditions that
finally plugged the dome structures.
Large, very scarce vesicles filled with white granoblastic
microcrystalline quartz in a flow foliated rhyolitic matrix
(Figure 7f) are also present around the Sarıkaya Hill dome.
They represent authigenic white saccharoidal microtextured quartz infill of small egg-shaped vesicles within
the vitric tuff. Wright & Coward (1977) described similar
nodules and suggested that they indicated shallow-water
emplacement of the ignimbrites, and were originally welldeveloped gas bubbles filled by authigenic quartz in the
later stages of subaqueous welding (Figure 7f). As noted
by Cas et al. (1990) and Kokelaar & Busby (1992), the
gas bubbles and pumice cavities filled with recrystallised
granoblastic quartz are indications of subaqueous
emplacement.
Two types of peperite were recognised within the
local intrusions, indicating subaqueous, small, local, postintrusive explosions. According to the descriptions given
by Busby-Spera & White (1987), Branney & Suthren
(1988), Brooks (1995), Doyle (2000), and Skilling et al.
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Figure 6. Diagrammatic geological cross-section explaining the relationship between the volcanic ash fall deposition and zeolite
mineralisation in a subaqueous phreatomagmatic environment within the study area. Rhyolitic Foça ash fall deposition followed the
andesitic pyroclastic-flow and base-surge deposition of the rejuvenated Yuntdağ volcanism, which was crustal-contaminated magma
from adjacent conduits (not to scale).
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Figure 7. (a) One of the small subaqueous rhyolitic dome intrusions surrounded by pinkish, welded hyaloclastics in the study area. A- Rhyolite intrusion
core, indicated by arrow, is composed of quartz and K-felspar porphyry; B- Rhyolitic welded hyaloclastics around the core. (b) Massive volcanoclastics
with a silicified bentonitic clay matrix around subaqueous rhyolitic intrusions. (c) A close view of the welded, foliated subaqueous rhyolitic flow around
the Sarıkaya Hill rhyolitic dome. (d) Perlites partly developed from rhyolitic flows in subaqueous conditions. The perlite facies in the northern and
western parts of the Sarıkaya Hill dome (Figure 3) indicated water-magma interaction during their genesis. (e) Welded brecciated rhyolitic foliations.
The subaqueously foliated rhyolitic flow was brecciated by local hydromagmatic explosion and welded around the volcanic dome. (f) A close-up view
of the white, granoblastic, finely crystalline, authigenic quartz nodule filling the vesicle within the welded, foliated rhyolitic flow around the Sarıkaya
dome. (g) A- Subaqueous juvenile rhyolitic glass flow with amoeboid to globular fluid morphologies. Tongue-like, depleted glass tubes display a
preferred orientation and the process required a stable vapour film (McPhie, 1993; Doyle, 2000). They are mingled with the rhyolite flow and are fluidal
peperites. B- Blocky clasts on the right hand side were generated by hydromagmatic explosion and quenching. Subaqueous rhyolitic, ragged clasts were
formed by quenching and autobrecciation during local explosions. (h) Juvenile rhyolitic clast 35 cm long (A) within vesicular, hydrothermally altered,
massive subaqueous ignimbrite extrusion (B) possibly formed by local small steam explosion. Key: A- blocky peperite, B- devitrified, vesicular, rhyolitic
groundmass, C- perlite.
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(2002), the peperites were referred to as fluid or blocky,
a reference to the dominant shape of the juvenile clasts.
North of Sarıkaya Hill dome, underneath the zeolitic tuff
unit, peperites with parallel depleted pipe-like structures
(Figure 7g-A) were found within the discrete rhyolitic
intrusion. Here, glassy fluid flow-type peperites with
parallel, semi-depleted pipe-like structures were cut by
poorly sorted angular rhyolitic hyaloclasts (Figure 7gB), probably due to local subaqueous post-intrusive
explosions (Busby-Spera & White 1987; Kokelaar & Busby
1992; Skilling et al. 2002).
A vesicular, hydrothermally-altered, massive, lensshaped ignimbrite body approximately 900 m long and
550 m wide, subaqueously extruded through its rhyolitic
volcanoclastic forerunner south-east of Andız Hill,
contains blocky peperite fragments (Figure 3, Loc. 4).
Small, irregular vesicles with iron oxide-stained jigsaw walls
were found within the fine-grained devitrified rhyolitic
matrix (Figure 7h-B). The blocky peperite (Figure 7h-A)
within this subaqueous ignimbrite extrusion involved
fragmentation of magma to form juvenile clasts and
mingling of these clasts with the vesicular lava. Extrusion
of this lens-shaped, foamed rhyolitic magma body (Figure
3, Loc. 4), probably in a state of effervescence, issued from a
fissure under subaqueous low pressure conditions and was
expanded by escaping volcanic gases (Figures 3, 4; Hatch
et al. 1961). The shallow, subaqueous rhyolitic intrusions
and surrounding volcanoclastics in the basal part of the
lacustrine environment were defined as phreatomagmatic
juvenile eruptions, resulting from interactions between
water and magma (Figure 3).
ii) Volcanic ash fall deposition in a phreatomagmatic
lacustrine environment and development of a massive
zeolitic unit with layered smectitic cap rock.
Rhyolitic ash fall deposition formed the host rock of the
zeolitic unit in the study area and displays pumice grains
with average fine shard size, layering, vertical size grading,
volcanic bomb sag, interclast porosity, and no evidence of
flow, all clearly indicating air-fall characteristics (Figure
8a–d). In total, the Dumanlıdağ crater or other conduits
of the Foça volcanism (Figure 1) provided a 211-m-thick
rhyolitic, pumiceous (Figure 8a, b) volcanic ash fall deposit
in a freshwater lake (Figure 6). The boundaries between the
rhyolitic tuff and the underlying rhyolitic domes with their
surrounding volcanoclastics are sharp, not transitional.
Zeolitic alteration occurs in the basal part of the tuff layer
and does not cross the basal boundary.
It is apparent from the geological map that the
widespread rhyolitic tuff layer is hydrothermally zeolitised
only above the rhyolitic intrusions with their surrounding
rhyolitic volcanoclastics (Figures 3, 4). The zeolitic unit
consists of a whitish, fine-grained, massive, porous, altered
zeolitic tuff with angular and conchoidal fractures (87.5 m

thick), forming an outcrop 2.5 km wide. No tuff layering
or welded tuff intercalations are seen (Figure 8e) within
the massive and fine-grained zeolitic unit, indicating its
thorough alteration. The zeolitic unit shows a gradual
lateral facies change to rhyolitic ash fall tuff at the outer
border of the juvenile phreatomagmatic environment
(Figures 3, 4, 6). The lateral facies changes between the
zeolitic tuff unit with its smectitic tuff cap and the rhyolitic
ash fall host rock (Figure 4) can be seen on both sides,
namely the south-west slope of Andız Hill and south of
Kömürcü Hill in the study area (Figure 3, Loc. 5, 6).
This fine-grained, hot, rhyolitic ash deposition within
the juvenile phreatomagmatic lacustrine environment
readily underwent diagenesis to form the massive zeolitic
tuff unit, but further ash fall in a later cooler and juveniledepleted environment underwent negligible diagenesis.
This resulted in the overlying layered smectitic tuff cap rock
and vertical facies change or zonation. In this hot, juvenile,
volcanic gas-contaminated lacustrine environment in
an open or semi-open hydrological system, the intense
subaqueous alterations gradually decrease upward and
finally end with limestone deposition (Hay & Sheppard
2001). Lateral facies change in the zeolitic unit and its
bentonitic cap rock within the tuff host rock developed
contemporaneously in a horizontal direction.
The overlying smectitic tuff layer consists of yellowishgrey to beige muddy bentonitic clay with upward
scarce, thinner shale and carbonate interlayers (Figures
2, 4). This bentonitic tuff level is transitional between
the underlying zeolitic unit and overlying lacustrine
limestone, formed under decreasing phreatomagmatic
environmental conditions. Thus, diagenetic alteration
was penecontemporaneous with the rhyolitic ash fall
deposition. Patchy, creamy hydrothermal opal and chert
impregnations at the base of the concordantly overlying
limestone layer represent the final vestiges of the weakening
subaqueous rhyolitic emanations in the area.
4. Mineralogy of the zeolitic tuff unit
The host rock of the zeolitic unit consisted of rhyolitic ash
fall deposits, containing pumice fragments, glass shards,
and lithic fragments set in a fine ash matrix. The pumice
fragments were locally welded and flattened (Akay &
Erdoğan 2004). Very scarce, worn, or broken coarsely
crystalline sanidine K-feldspar crystals within the rhyolitic
tuff host rock had a pyrogenic origin.
Clinoptilolite-heulandite,
opal-CT,
amorphous
material (glass), smectite group, feldspar, and quartz
minerals were determined by XRD analyses on powder
mounts of the samples (Table 1).
SEM views showed only scarcely distributed K-feldspar
rhomboids among clinoptilolite crystals, which are much
smaller (6–7 microns) than their pyrogenic equivalents.
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Figure 8. (a) Alternation of rhyolitic tuff and pumice depositions at near-shore lacustrine environment. (b) Pumiceous, sorted, welded, layered rhyolitic
tuff deposition at Loc. 7 in Figure 3. This subaqueous tuff level, laterally gradually passes into a massive fine grained zeolitic unit below and smectitic
layered tuff caprock above further to the NE. (c) A volcanic bomb sag. The volcanic bomb fell into unconsolidated tuff depressing the laminae below
and leaving a small encircling moat. The material from a subsequent ash fall filled the depression above the bomb. Direction of the pencil indicates the
bedding. (d) Repeated vertical grading visible within the pumiceous tuff host rock. Further NE it laterally passes into a massive, fine grained zeolitic tuff
unit. (e) Old quarry face exposing white, fine grained massive zeolitic tuff. It contains no tuff interlayers.
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Table 1. The XRD results of the samples taken from the zeolitic tuff and the overlying bentonite sequence (Figure 3). Quantities of
related minerals decrease from left to right.
MINERAL CONTENTS OF THE DEPOSITIONAL SEQUENCE
(abundance decreases from left to right)

SAMPLE No:

DIAGENETIC SMECTITIC LEVEL OVERLYING THE ZEOLITIC UNIT
PIN-1

Amorphous material, smectite group clay minerals, calcite, tridymite, K-felspar group minerals, quartz.

FO-22

Amorphous material, quartz, K-feldspar group minerals, opal-CT.

FO-18

Smectite group clay minerals, calcite, quartz, K-feldspar group minerals, kaolinite, amorphous material.

PIN-4

Smectite group clay minerals, amorphous material, K-feldspar group minerals, calcite.

PIN-2

Smectite group clay minerals, amorphous material, dolomite, huntite, quartz, K-feldspar group minerals.
DIAGENETIC ZEOLITIC TUFF UNIT

FO-19

Heulandite-clinoptilolite, opal-CT, amorphous material.

FO-23

Heulandite- clinoptilolite, amorphous material.

PIN-8

Clinoptilolite, amorphous material.

PIN-7

Heulandite, amorphous material, traces of smectite group clay minerals.

FO-20

Heulandite-clinoptilolite, quartz, mica (muscovite), K-feldspar group minerals, smectite group clay minerals,
amorphous material.

PIN-6

Clinoptilolite, traces of smectite group clay minerals.

PIN-3

Clinoptilolite.

FO-17

Clinoptilolite-heulandite, amorphous material.

FO-16

Clinoptilolite-heulandite, opal-CT, amorphous material.

PIN-5

Clinoptilolite, K-feldspar group minerals, quartz, traces of smectite group clay minerals.

SUBAQUEOUSLY ALTERED PYROCLASTIC RHYOLITIC TUFF LEVEL UNDERLYING THE ZEOLITIC BED
FO-14

Dolomite, opal-CT, quartz.

FO-15

Amorphous material, smectite group clay minerals, mica (muscovite).

PIN ÖZEL Cristobalite, K-feldspar group minerals, quartz, smectite group clay minerals.

They most probably truncated pre-existing clinoptilolite
and opal-CT crystals within which they occur (K in Figure
9b, c). Other examples of the replacement of clinoptilolites
by authigenic K-feldspar have also been reported in the
literature in highly saline–alkaline lake environments of
diagenesis (Stamatakis 1989; Helvacı et al. 1993; Sheppard
1994). The fine K-feldspars with unabraded, unfractured,
euhedral sharp angular outlines within the zeolitic unit
were authigenic in origin (Figure 9b, c).
Thin-layered pseudomorphic textured smectite (S),
resulting from the complete replacement of volcanic glass
fragments, is seen in the upper right-hand side of Figure
9a. Clinoptilolite and opal-CT occur together within
altered volcanic glass shards. Unabraded, unfractured
lath-shaped clinoptilolite crystals 3–12 microns long and
opal CT lepispheres (3–7 microns), occur together within
smectite nets (Figure 9a, b), indicating that clinoptilolite
and opal-CT were diagenetically formed over clay
minerals. Experimental work carried out by Leggo et al.

(2001) showed that a clay interface aided in the nucleation
of zeolite from the dissolving glass.
Bundles of radiating fibrous mordenite (M) were
occasionally seen as direct alteration of smectite-glass
shard interfaces in scanning electron micrographs of the
zeolitic tuff. They occur as individual, thin (<0.6 µm wide)
fibres and clusters (Figure 9a, c). The radiating mordenite
fibres (M) were also seen to postdate both the clinoptilolite
and opal-CT (Figure 9a, c).
Clinoptilolite and opal-CT crystals not only filled
the pore-space of the glass shards but also developed as
pseudomorphic replacements for the glass shards and filled
the complete body of glass shards with clay rims (Figure
9a–e) (Cocheme et al. 2003). Petrographic observations
showed that the clinoptilolite formed in situ from volcanic
glass, as commonly described in silicic tuffs (Ghiara et al.
1999). Thus, we interpreted the clinoptilolite, opal-CT, and
mordenite crystals with glass-clay backgrounds in the SEM
views as replacement products of underlying glass shards.
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5. Diagenesis in the zeolitic tuff unit
Geochemical analyses of the zeolitic tuff samples indicated
that the main diagenetic factor influencing the tuff
deposit was clearly hydrolysis and one of several scales
of ion transfer within the juvenile mixed hot subaqueous
(phreatomagmatic) environment during the rhyolitic ash
fall deposition. Our interpretation of the data is as follows.
The original water content of the host rock (measured
as mean loss on ignition) for the rhyolitic host rock was
~1% (Table 2), while the mean loss on ignition (water gain
on hydrolysis) value of the zeolitic tuff was ~9% (Table 2),
indicating that it was approximately 9-fold greater than in
the rhyolitic host rock. This large loss on ignition value for
zeolitic tuff was mostly due to loss of water of hydration
from zeolite crystals and the smectite group minerals
within the cap rock (~9%) (Table 2) gained during
subaqueous dissolution. That is, the high loss on ignition
value of the zeolitic tuff was caused by adsorbed molecular
H2O and structural OH from the juvenile contaminated
lacustrine water solution.
The hydrolysis process was probably accompanied by
the relative removal of SiO2, K2O, Na2O, Fe2O3, Rb, and
V from the rhyolitic precursor and enrichment of MgO,
CaO, Sr, Ni, and Zn within the zeolitic unit. Al and Th
were not removed much from the system because both are
low-mobility elements (Table 2).
The overlying smectitic tuff level (Table 1) also formed
by hydrolysis in the lacustrine environment with depleted
juvenile input and replacement of the volcanic ash deposits,
with relative increases in CaO, MgO, Zn, Rb, Pb, and Ni,
and decreases in Na2O, K2O, SiO2, and Zr concentrations
(Table 2).
The alkaline/alkaline-earth (A/AE) cation ratios
decrease vertically upward from unaltered rhyolitic host
rock (A/AE = 9.21) to subaqueously altered zeolitic
tuff (A/AE = 2.71; Table 2) in samples taken from the
stratigraphic sequence. These ratios continue to decrease
vertically within the zeolitic tuff level, from 2.71 to 0.57
(Table 2), while within the overlying smectitic cap rock
this ratio gradually and vertically increased, from 0.38
to 1.47 (Table 2). These figures indicate that the alkaline
cations (K2O + Na2O) were gradually and vertically
replaced by alkaline-earth cations (CaO + MgO), which
were the dominant exchangeable cations in this zeoliteforming phreatomagmatic lacustrine environment. The
increases in Ca+2 concentrations towards the upper part
of zeolitic sequence (Table 2) also caused the formation of
heulandite, instead of clinoptilolite (Table 1), as Iijima and
Utada (1966) have reported.
Lacustrine Ca and Mg content exceeded the quantities
needed for the structures of heulandite/clinoptilolite
or clay minerals. Finally, limestone deposition formed
the overlying layers with the complete disappearance
of volcanic material. Progressive increases in HCO3–1

and Mg+2 within the smectitic tuff and the overlying
lacustrine limestone levels (Table 2) were due to the
cessation of rhyolitic volcanism. Similar cases where
calcite was the latest and consequently overwhelming
mineral to crystallise above a zeolite unit deposited in a
volcanosedimentary environment have been reported
previously by Sheppard (1994).
The mean MgO content of the original rhyolite
host rock was only approximately 0.18% (Table 2) and
insufficient to account for the quantities needed for
smectite formation. The magnesium support for the
smectite rim formation of glass shards was the result of
widespread, but heterogeneous, influx of lacustrine fluids
into the tuff. Discrete perlite facies within the area (Figure
7d) are well-known to be of subaqueous origin and the
early stages of glass hydration are usually accompanied
by Na loss from the rhyolitic host rock (Table 2) during
perlite formation, as Jezek and Noble (1978) noted.
The smectite rim (Figure 9b, d), representing an early
stage of diagenetic alteration in the (glass + smectite)
assemblage, was generally observable along the pumice
fibres or at the outer margin of porous glass shards where
volcanic glass was more readily exposed to diagenetic
replacement (Hay 1963; Boles & Coombs 1975; Rice et
al. 1992; Leggo et al. 2001; Cocheme et al. 2003). Hot
volcanic emanations and gases were inevitably mixed with
lacustrine water during their subaqueous ascent from
underlying rhyolitic intrusions. The argillaceous coatings
developed on the glass shards as an initial alteration in the
mildly acidic environment and were probably favoured
by a relatively low (Na+K)/H activity ratio. However,
clinoptilolite, opal-CT, and even K feldspar were favoured
over clay minerals by relatively high alkali ion to hydrogen
ion activity ratios and relatively high silica activities in the
later stages of diagenetic activity (Hemley 1962; Leggo et
al. 2001).
The mean SiO2 content in the rhyolitic host rock
decreased from 76.6% to 71.3% in the zeolitic tuff during
diagenesis (Table 2). The close association between
clinoptilolite and opal-CT is clearly seen in the SEM
images (Figure 9a–e). Additionally, the SiO2/Al2O3 ratio
interval (5.75–7.2) of the zeolitic unit (Figure 10) was
observable. Zeolitisation of rhyolitic glass resulted in the
release of excess amorphous silica, from which opal-CT
and silica probably continued to form at later stages. These
data also suggested that silica was not removed from the
system (Snelling et al. 2008). Clinoptilolite, cristobalite,
and possibly amorphous silica were pseudomorphous after
rhyolitic glass shards underwent replacement reactions
(Boles & Coombs 1975). This replacement was probably
the result of a dissolution-precipitation mechanism in
which local shards were dissolved and reprecipitated
within the same local volume. This process could occur
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Figure 9. (a) SEM photomicrograph of well developed authigenic clinoptilolite laths (CL), opal-CT lepispheres, smectite (S) within diagenetically altered glass
shards. A thin layered pseudomorphous texture resulting from the complete replacement of volcanic glass (G) by smectite (S) is seen at upper right. Quartz chips
are shown by (Q). Bundles of radiating (<0.6 µ wide) fibre clusters (M) may be mordenite and are seen to post-date both clinoptilolite and opal-CT. (b) SEM view
of lath-shaped clinoptilolite (CL) crystals and opal-CT lepispheres (CT). The K-feldspar rhomboid (6–7 µ in size) situated among the clinoptilolite crystals at the
lower centre indicates a probable transformational diagenetic origin from clinoptilolites. Clinoptilolite replaces the glass shard coated by smectite (S) and postdates
smectite and precedes the formation of opal-CT in the SEM photomicrograph. (c) SEM photomicrograph of closely-spaced clinoptilolite crystal laths (CL) and
opal-CT lepispheres (CT) overlying the glass shard with a smectite rim (S). A K-feldspar rhomboid (6–7 µ in size) situated among the clinoptilolite crystals in the
upper-right hand corner indicates a probable transformational diagenetic origin from clinoptilolites. Quartz chips (Q) are scattered. Bundle of radiating (<0.6 µm
wide) fibre clusters (M) may be mordenite. (d) SEM view indicates well-developed opal-CT lepispheres (CT), overlying lath-shaped clinoptilolite (CL) crystals
which replace glass shards coated by smectite (S). (e) Opal CT lepisphere among well-developed clinoptilolite crystals. Smectite group minerals can be seen in
the lower right-hand corner and bottom of the SEM view. (f) EDS picks obtained from clinoptilolite mineral represent K, Al, Si and Ca within the structure of
clinoptilolite. Note; SiO2 has maximum abundance within the clinoptilolite. It was obtained by 5000 magnification of sample no. Pin-7 in Table 1.
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Figure 10. The variation in (K2O+Na2O)/(MgO+CaO) ratios versus SiO2/Al2O3 ratios for the rhyolitic tuff host rock, the zeolitic tuff
unit, and its overlying smectitic tuff cap rock. The zeolitic tuff unit and its host rock of rhyolitic tuff sustain SiO2/Al2O3 ratios between
5.4 and 7.2 whereas the overlying smectitic cap rock has SiO2/Al2O3 ratios between 4.3 and 5.75. The diagenetically altered zeolitic tuff
and the overlying smectitic cap rock have (K2O+Na2O) / (MgO+CaO) ratios between 2.1 and 0.4 while the unaltered rhyolitic tuff host
rock has a ratio between 2.8 and 15.5 (Table 2).

on a shard-size scale because the dissolution of a rhyolitic
glass would yield a composition similar to the mean silica
plus clinoptilolite composition (Rice et al. 1992; Leggo et
al. 2001; Cocheme et al. 2003).
Bundles of radiating fibrous mordenite (M), were
seen to postdate both clinoptilolite and opal-CT (Figure
9a, c). The slow transformation of clinoptilolite to
mordenite occurred in the zeolitic tuff unit under elevated
temperatures in an open–semi-open hydrologic system
(Pe-Piper & Tsolis-Ktagas 1991; Stamatakis et al. 1997).
Samples taken from the rhyolitic tuff host rock, the
zeolitic tuff unit, and the overlying smectitic tuff level had
different (K2O + Na2O)/(MgO + CaO) and SiO2/Al2O3
ratios when plotted one against the other (Figure 10).
The rhyolitic tuff host rock SiO2/Al2O3 ratio values vary
between 5.4 and 7.2 and (K2O + Na2O)/(MgO + CaO)
ratio values range between 2.8 and 15.5. The zeolitic tuff
unit SiO2/Al2O3 ratio values vary between 5.75 and 7.2 and
(K2O + Na2O)/(MgO + CaO) ratio values vary between
0.4 and 2.7. However, in the smectitic cap rock SiO2/
Al2O3 ratio values range between 4.3 and 5.75 and (K2O

+ Na2O)/(MgO + CaO) ratio values vary between 0.3 and
1.5 (Figure 10).
Zeolitisation did not result in a significant change
in the SiO2/A12O3 ratios of the rhyolitic host rock; both
values were between 5.4 and 7.2 (Figure 10; Boles &
Coombs 1975). The (K2O + Na2O)/(MgO + CaO) ratios
of the rhyolitic glass of the host rock are between 2.8 and
15.5, much higher than those of the zeolitic unit (0.4–2.7)
and the smectitic cap rock (0.3–1.5, Figure 10). This is
because Ca and Mg were taken up by the zeolite crystals
and smectite within the zeolitic unit and the cap rock
respectively and some K and Na were released during
diagenesis (Table 2).
The zeolitic tuff unit has a mean Sr value (1249 ppm)
much higher than that of the host rock (102 ppm) and
the overlying smectitic carbonate rock (183 ppm, Table
1). A correlation between the mineral abundances and
the mean trace element concentrations of the lithological
levels can be seen in Tables 1 and 2, showing that Sr
correlated positively only with clinoptilolite, and shows
no relationship with carbonate. Natural zeolites rapidly
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absorb strontium in large amounts over a wide range of
concentrations. Zeolite was the most selective of the group
for Sr, but more than a simple reversible exchange reaction
was responsible for the strontium selectivity (Arms 1962;
Krutilina et al. 1998). The juvenile fluid–gas input within
the lacustrine environment was the source of high (1249
ppm) strontium concentration in the zeolitic unit because
fresh water and original ash fall typically had very small
amounts of Sr (102 ppm, Table 2). These findings strongly
suggest that the Sr had a diagenetic, rather than evaporitic
origin. Sr within the juvenile environment was probably
absorbed by clinoptilolite after its diagenetic development.
The zeolitic tuff samples Fo. 17, Fo. 20, and Fo. 23 in
the study area had 260, 230, and 130 ppm boron content
respectively, while other zeolitic tuff samples may have
boron content below the detection limit of the analytical
method (Table 2). Additionally, the SEM images indicated
very few authigenic K-feldspar rhomboids situated
among the clinoptilolite crystals (Figure 9b, c). Real
saline-alkaline lake environments of zeolitic deposition
have boron-bearing authigenic K-feldspar facies at their
centres, with many authigenic K-feldspar rhomboids with
boron contents of 660 and 2500 ppm (Sheppard & Gude
1973; Stamatakis 1989). Thus, the zeolitic unit in the study
area did not develop within a saline alkaline sedimentary
environment; instead, it was formed in a juvenile
contaminated hot subaqueous environment under high
heat flow rates. Only local volcanic glass devitrication and
reactions releasing K and various ions into the solution
during diagenesis and local residual diagenetic solutions
richer in K and B may have altered and converted the
pre-existing minerals into the rare authigenic K-feldspar
rhomboids. These small anomalies were probably caused
by the partial substitution of boron for aluminium in the
K-feldspar structure (Rice et al. 1992) or by authigenic
K-feldspar replacement of pre-existing clinoptilolite
(Sheppard 1994), indicating the transformational
diagenetic origin of K-feldspar from clinoptilolites.
The sequence of crystallisation of diagenetic minerals
within the zeolitic tuff unit was determined from SEM
images and XRD results and deduced to occur in the
following order: rhyolitic glass → smectite → clinoptilolite
[plus minor K-feldspar] → opal-CT (Figure 9a–e and Table
1). All the mentioned data indicate that the rhyolitic ash
fall deposits were diagenetically altered to the zeolitic
tuff unit and the smectitic cap rock contemporaneously,
within an upward-weakened hot, subaqueous, alkaline
phreatomagmatic environment.
6. Discussion
The provenance area of rhyolitic Foça volcanism was
topographically higher than the phreatomagmatic
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lacustrine environment of the study area towards which
movements of pyroclastic flow, base surge, and ash
fall deposition then occurred (Figures 5a, b, 6). The
overlying rhyolitic ash cover could not be the products
of subaqueous rhyolitic small dome intrusions of the
study area because rhyolitic products of the subaqueous
intrusions were cracked upon sudden contact with water
to form hyaloclastic blankets on the lake bed (Akay &
Erdoğan 2001) before volcanic ash deposition reached
this environment (Figure 6). Additionally, the Yuntdağ
pyroclastics have some flow indications and the Foça
tuffs have some air-fall characteristics (Figure 5a, b, 8b,
c, d). The underlying contact of the ash fall with rhyolitic
intrusions and the surrounding volcanoclastics is sharp
and not destroyed at all. Thus, the post-intrusive and
pre-ash fall evidence of small local subaqueous volcanic
explosions (Figure 7g-B) around Sarıkaya Hill could not
have been the origin of the great volume of rhyolitic ash
fall deposition, but developed some peperite occurrences.
Continental evaporates such as borates, trona, and
celestite that would be obvious evidence for a saline,
alkaline depositional environment were not found in the
study area, compared with the Bigadiç, Cestelek, Emet,
Kırka, and Beypazarı zeolitic deposits. The absence of
diatomites and unaltered glass within the zeolitic tuff unit
and the presence of concordantly overlying gastropodabearing lacustrine limestone did not suggest that the lake
water was saline. Finding very scarce huntite (Table 1) in
the uppermost level of the zeolitic unit, fitting the lowest
part of the smectitic cover rock at sample location no. 2
(Figure 3), may indicate local magnesium enrichment
within a semi-open lacustrine carbonate environment.
Chemical analyses of the zeolitic tuff unit indicated that
the mean Na2O ratio in the rhyolitic host rock decreased
from 3.05% to 0.39% (Table 2). The transfer of Na out of
the abundant rhyolitic glass structures during clinoptilolite
formation might be taken up by scarce mordenite crystal
development, as seen in SEM images (Figure 9a, c).
The metastable persistence of the various zeolites might
be due to the slow rate of alteration at low temperatures
(Rice et al. 1992). Opal-CT represents a metastable
intermediate stage in the conversion procedure of released
excess diagenetic silica to quartz during clinoptilolite
formation, as reported by Lander & Hay (1993).
The slow alteration of clinoptilolites to mordenites
might also be possible in the zeolitic tuff unit under
elevated temperatures (Pe-Piper & Tsolis-Ktagas 1991).
Mordenite is common in tuffs that have undergone
zeolitisation under high heat flow rates (Stamatakis et al.
1997).
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7. Conclusions
The main concluding remarks of the present study are as
follows:
1) The zeolitic tuff, together with its bentonitic cap rock,
developed through penecontemporaneous diagenetic
alteration of subaqueous volcanic ash fall deposits in a
juvenile phreatomagmatic environment.
2) The glassy foliated, perlitic, vesicular, peperitic, and
welded hyaloclastic internal structures of the surrounding
volcanoclastics and gas bubbles, filled with scarce
granoblastic authigenic quartz, indicated local subaqueous
explosive activities of the small rhyolitic intrusions at the
bottom of the shallow lacustrine environment.
3) Small, local subaqueous rhyolitic dome intrusions
and the surrounding rhyolitic volcano clastic ejecta were
defined as phreatomagmatic juvenile eruptions, as a result
of interactions between water and magma.
4) Juvenile emanations from the basal subaqueous
intrusions activated the complete zeolitic diagenesis so
that no rhyolitic tuff intercalation existed within the
zeolitic unit.
5) The bentonitic tuff level has transitional properties
between the underlying zeolitic unit and the overlying
lacustrine limestone. Thus, the types of diagenetic
alterations were penecontemporaneous with the rhyolitic
ash-fall deposition, but diminish up sequence in a
weakening phreatomagmatic environment.
6) The underlying contact of the zeolitic unit is not
transitional, but sharp. Zeolitic alteration remains within
the tuff host rock and does not cross the basal boundary.
7) The zeolitic unit shows a very gradual lateral facies
change to ash-fall tuff at locations determined by the outside
borders of the underlying juvenile phreatomagmatic
environment.
8) The andesitic pyroclastic flow in the SW of the area
represents the final products of the Yuntdağ volcanism and
was a forerunner of the overlying Foça rhyolitic ash fall.
9) Rhyolitic Foça volcanism from adjacent conduits is
the product of rejuvenated andesitic Yuntdağ volcanism,
marking a final excessive increase in crustal-contaminated
magma.
10) The dominant clinoptilolite and opal CT crystals,
having a glass-clay background in SEM images, were
interpreted as being diagenetic replacement products of
the underlying glass shards. This replacement was probably
the result of a dissolution-precipitation mechanism in
which local shards were dissolved and reprecipitated with
the same local volume.
11) The presence of abundant silica might indicate
the presence of free amorphous silica, evolved during
the zeolite diagenesis, from which opal-CT probably
continued to form as a metastable intermediate stage in
the final conversion of hydrated silica to quartz.

12) The slow transformation of clinoptilolites to
mordenites might also be possible in the zeolitic tuff unit
at elevated temperatures in an open–semi-open hydrologic
system.
13) Water gained for hydrolysis in the zeolitic tuff
during subaqueous dissolution was 9-fold greater than in
the rhyolitic tuff host rock. The hydrolysis was a diagenetic
process and was accompanied by the relative removal of
some ions from the rhyolitic precursor and enrichment of
other ions within the zeolitic unit.
14) The alkaline/alkaline earth (A/AE) ratios of the
samples taken from the zeolitic sequence decreased
gradually and vertically upward. The alkaline cations
(K2O + Na2O) were gradually and vertically replaced by
alkaline-earth cations (CaO + MgO). Final progressive
increases in bicarbonate and Mg within the smectitic tuff
and the overlying lacustrine limestone deposition were
due to the cessation of subaqueous rhyolitic volcanism and
transgression of lacustrine fresh water.
15) The zeolitisation was not the product of an
evaporative process since no saline minerals were found
in the study area. K-feldspars (6–7 microns) with very low
boron content were of an authigenic type and seen in SEM
images to have grown within clinoptilolite crystals as a late
diagenetic alteration event.
16) The zeolitic tuff unit had a mean strontium value
(1249 ppm), much higher than that of the host rock
(102 ppm) and the overlying smectitic carbonate rock
(183 ppm). This arises from strong strontium absorption
properties of the clinoptilolites.
17) The order of crystallisation of diagenetic minerals
within the zeolitic tuff unit was determined to be: rhyolitic
glass → smectite → clinoptilolite (plus minor K-feldspar) →
opal-CT.
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